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1. INTRODUCTION 

The mount for the NASA Ames 20-in. double arch mirror must be 
designed to comply with the following requirements: 

(1) The mirror will be assembled at room temperature (68°F) and used 
at cryogenic temperatures (-423°F). Therefore, the mount must 
provide a transition between the fused silica mirror and the 
aluminum base plate, without reducing the figure quality. 

(2) The mirror will be cooled down and tested in a 1-G gravity field. 
Therefore, the mount must be designed not to reach its microyieid 
stress in ground testing. The same criterion must be satisfied 
when the mirror is subjected to the launch load. 

(3) The mount should be designed to survive emergency landing. In this 
case the survival is defined as developing stresses less than the 
yield stress. However, an attempt will be made to limit the 
emergency landing stresses to the microyield level. 

(4) Realistic tolerances should be set for the manufacturing of the 
mount. The tightness of these tolerances will affect the figure 
quality. Furthermore, in light of the uncertainty about the 
magnitude and distribution of the internal stresses in the base 
plate, the effect of cryogenic temperatures on flatness of the 
plate cannot be predetermined. However, an acceptable design 
should allow for the manufacturing tolerances and the existence of 
tilt in the base plate and should minimize the sensitivity of 
figure quality to such factors. 
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(5) The mount should be designed to maintain the optical alignment of 
the mirror. 

This study is subject to the following assumptions: 

(1) The mirror is assumed to be very stiff. Generally speaking, this 
is a conservative assumption. A mirror with finite stiffness will 
result in lower stress in the flexures. 

(2) The mirror material is Corning Code 7740 fused silica. The 
flexures are assumed to be made of titanium, 6A1-4V ELI, and the 
base plate as well as the dewar plate are assumed to be made of 
6061 aluminum tooling plate. The assumed properties of these 
materials are given in Table 1. 


Table 1. Material Properties 


6061 




Titanium 

Aluminum 


Corning 

6A1 4V 

Tooling 


Code 7740 

ELI 

Plate 

Yield stress (psi) 


240,000 

42,000 

Microyield stress (psi) 


115,000 

18,000 

Modulus of elasticity (psi) 

10x10° 

18*10° 

10.9*10° 

Poison ratio 
Thermal contraction 

0.17 

0.33 

0.33 

L T -L b8 

T 

0 

-175xiO -5 

-420*10“ 
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(3) Since the displacements in the mirror are small, it can be assumed 
that the induced moments and forces are decoupled. Therefore, 
deflection due to each component of a specific loading can be 
calculated independently and then, by using the principle of 
superposition, the deflections can be directly added to find the 
total deflection of the mirror. 

(4) The range of deflections and stresses in the mirror and the base 
plate is well within the range of the elastic response. Therefore, 
once the figure quality is calculated for a specific loading, it 
can be multiplied by the proper scaling factors to give the figure 
quality for various magnitudes of the same loading case. 
Furthermore, it is assumed that the Optical Sciences Center can 
specify the dimensions and the support mechanism for the base 
plate. Of course, the base plate design will be compatible with 
the dewar plate already at Ames. 

In this report the forces and/or moments transferred from the mount 
to the mirror due to cool down, gravity loading, tilt in the base plate, and 
flexure error as well as magnitude of stress in the flexures under various 
loadings are calculated analytically. By using the analytical results and 
utilizing the finite element techniques, the quality of the mirror figure 
under different conditions is established. By using the magnitude of stress 
in the flexures and the figure quality in the mirror as the basic criteria, 
a range of acceptable design dimensions for the mount is found and a 
specific design is designated. Furthermore, an estimate of the magnitude 
and distribution pattern of stresses in the mirror is also provided. 


2. ANALYSIS 


2.1. Force/Moment Transfer from Mount to Mirror 

The proposed mount is shown in Fig. 1, and the flexures are shown in 
detail in Fig. 2. 

2.1.1. Cool Down, Zero Gravity 

The mirror has a zero coefficient of thermal expansion. Therefore, 
cool down in a 0-G environment will induce a radial displacement of the 
flexure base with respect to the mirror (Fig. 3). For all practical 
purposes, the flexure top and bottom plates can be assumed to be very 
stiff (i.e., T * »). This assumption is equivalent to analyzing the flexure - 
system as a frame with very stiff girders that in turn degenerates to beam 
analysis. As shown in Table 2, the above assumption is a conservative one. 


Tab e 2. Comparison between Frame and Beam Analysis 


T 

t 

X 

b L 

A 

F c 

(in.) 

(in.) 

(in.) 

(in.) (in.) 

(in.) 

(lb) 

00 

0.05 

2 

2 2.5 

0.02652 

7.638 

0.25 

0.05 

2 

2 2.5 

0.02652 

7.623 


The radial force transferred to the mirror from each flexure blade, 
F c , can be calculated as 



( 1 ) 


4 


k.«: 


a 
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where 

E * modulus of elasticity 
b * width of flexure 
t - thickness of flexure blade 
l • flexure height 

& * radial displacement due to cool down. 

The total force transferred to the mirror from each flexure, F, is 

F - 2F C . 


2.1.2. Cool Down, 1-G Loading 

The mirror will be tested in cryogenic temperatures under a 1-G 
gravitational field. The gravity induces axial force to the flexures. In a 
face-up testing, when the flexures are in compression, the force 
transferred to the mirror, F cc , is reduced to 

p m ’ ^ A ^ (2 

* cc K tanX/X - 1) a ’ U 

where 

“axial force per flexure blade ■ GW/6 
G • gravity loading 
W ■ weight of mirror ■ 40 lb 
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w 


n - (F A /EI) i/2 - (12F A /Ebt 3 ) i/2 . 

In a face-down testing; where a tensile axial force is generated, the 
transferred force, F ct , increases to 


4(1 - tanhA/A) 


2.1.3. Temperature Effects 

Cryogenic temperatures might, induce radial tilt (6 r ) and tangential 
tilt (0 t ) in the base plate. In calculating the effect of such tilts on the 
mirror, the flexure/base plate interaction plays an important role. 

( a ) Flexure/Base Plate Interaction 

Tilt in an infinitely stiff base plate will be totally transferred to 
an infinitely flexible flexure. On the other hand, if a stiff flexure is 


mounted &n a flexible base plate, no tilt will be transferred to the 


flexure. Furthermore, a tilt in a stiff base plate will Induce negligible 


moment in a flexible flexure, and as the flexure becomes stiffer, the 


moment increases. 


Both the flexures and base plate have finite stiffness. Therefore, a 
local tilt in the base plate will be partially transferred to the flexure 
and partially compensated for in the plate (Fig. 4). This effect can be 


written as 


8 - e f + e p 

where 
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b * local tilt in plate 
0f ■ tilt in flexure 
0p ■ tilt in plate. 

The equilibrium condition requires that the moment in plate, M p , be 
equal to that of flexure, Mf, at the plate-flexure interface 


Mp * Mf * M. 

All the stresses are limited to the elastic range of the materials. 
Therefore, tilt and moment in both flexure and plate can be related by 
linear functions (Fig. 4) 

■ ffM 

fcp * 

where 

ff » rotational flexibility of flexure 
fp * rotational flexibility of plate. 

Therefore, it follows that 

6 - (f f + f p )M. (4) 

Any tilt angle calculated for an infinitely stiff plate should be reduced 
by a factor, R: 


9 f(finite plate stiffness) a f f 
9 f(infinitely stiff plate) ff + fp 


R - 


(5) 


Equation (5) clearly shows the importance of increasing the 
flexibility of the base plate, fp» which is a function of plate size, 
material, and support system. In this design, a 16-in. diameter, 1/4-in. 
thick aluminum (tooling) plate with three supports at 120° and on a 7-in. 
radius is used to maximize the flexibility of the plate. The flexures are 
mounted to the base plate with a 60° phase angle with respect to the plate 
supports. For the above 


f pr - 0.3947 x 10-4 in .-l lb -l 
f pt * 0.2058 x 10-4 in# -i lb “l f 


where f pr and f pt are the plate flexibility, f p , in radial and tangential 
directions. Plate flexibility was calculated by finite element techniques, 
(b) Radial Tilt 

The moment, M r , transferred to the mirror due to a radial tilt, 0 r , in 
the base plate is given by 


M, 


btx2 


Mr- 


where 


x * flexure blade separation 
ffr 


R 


ffi 


ffr + fpr 
l 

2Ebtx 2 


( 6 ) 

(7) 

( 8 ) 


The transferred force, f r , will be 



( 9 ) 


(c) Tangential Tilt 

The moment, M t , transferred to the mirror due to a tangential tilt, 
0 t , in the base plate is given by 


M, 


E tb~ 




( 10 ) 


where 




f ft 

^ft + ^pt 


, 3A 

ft " 2Etb 3 


The transferred force, f t , will be 



( 11 ) 


( 12 ) 


(13) 


(d) Flexure Error 

Nonparallelism of the flexures is a possible source of error that 
might result in transfer of some additional force to the mirror due to 
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cool down. For a given error, e, the induced force, F e , is 


Fe 


3E 


btx 


U - fr) 


A 2.1/2 



2Ae 

U 2 -A 2 )] 


( 14 ) 


where e is the nonparallelism error. 

2.2. Stress in Flexures 

2.2.1. Stress in Cryogenic Temperatures 

The critical stress develops when the flexures are loaded axially in a 
cryogenic environment. By using equilibrium conditions, the maximum moment 
in the flexures, M ct , can be calculated by (Fig, 3) 


»ct * I «ct* + f A*>- 


(15) 


where F A and F ct are defined by Eqs. (2) and (3). 

Therefore, the maximum normal stress, a ct , and shear stress, x ct , are 
given by 


°ct 


6M ct , F A 
bt 2 bt 


(16) 


T ct 


M 



(17) 
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In the absence of axial loading (0-G, cool down) Eqs. (16) and (17) can 
be simplified to 


a 


c 



(18) 


T c 


1.5 



(19) 


The maximum normal stress occurs at the inner corner of the flexure 
blades above the base plate whereas the maximum shearing stress is at the 
physical center of the cross section through the blade. Stress 
concentration factors will be included in the final calculation. 

2.2.2. Side Loading 

During launch, emergency landing, or on edge testing, the mirror will 
be subjected to loading perpendicular to its optical axis. In the worst 
case, when the side loading is applied in the compliance direction of one of 
the flexures, the force, F s , taken by each blade of the other two flexures 
can be calculated by 



( 20 ) 


The maximum normal stress, o s , and shearing stress, T g , are given by 


1.5 


( 22 ) 


2.2.3. Stress due to Mount Error 

The existence of local tilt in the base plate will induce stress in 


the flexures 


E I Mr 


°t * E j Mt 


F r 

°- 75 £ 


t t - 0.75 J, 


o r * maximum normal stress due to radial tilt 

a t =» maximum normal stress due to tangential tilt 

t r * maximum shear stress due to radial tilt 

tt * maximum shear stress due to tangential tilt. 

Nonparallelism error in the flexures causes additional stress 


3 !*i 

bt* 


16 


( 28 ) 


►1/ 



1.5 


F e 

bt2’ 


where o e and t £ are the maximum normal and shearing stress due to flexure 
error. 

2.2.4. Critical Normal Stress 

In the worst case, where the stress components are all additive, the 
maximum normal stress is given by 

a max * K(o c + o g + o r + a t + o f ), (29) 

where K is the stress concentration factor. As a conservative estimate K 
will be assumed to be 1.5. 

The maximum shearing stress, t, can be calculated by (Fig. 5) 

i 

I 

T max " ( T i 2 + t 2 2 ) 1/2 (30) 

where 

Ti - T t + T s 

T 2 - T ct + T r + T e* 

2.3. Influence of Mount on Figure Quality 

The principles of linearity and superposition are used in conjunction 
with finite element techniques to analyze the effect of mount-induced 
forces/moraents on the mirror. 

The finite element model for the double arch mirror consisted of 210 
nodes and 168 quadrilateral plate and shell elements (Fig. 6). The 
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Figure 6. Finite element model of double arch mirror. 
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software used was SAP IV. This model was used throughout this study to 
determine the changes In the optical surface due to mount effects. Note 
that the flexures were implicitly included in the model by directly 
applying the flexure-induced forces/moments to the mirror base. 

Various loadings that the mirror can encounter, either in testing or 
operation, can be resolved into three different categories (cases 1 through 
3). Once the sensitivity of the mirror figure to each loading case is 
established, then the optical performance of the mirror for any specific 
flexure design can be determined. 

2.3.1. Case 1 

A set of forces/moments of equal magnitude are applied to the mirror 
base in the radial direction and 120° apart (Fig. 7a). This case represents 
the effect of cool down. To arrive at the most fundamental case, we will 
substitute F and M with F 0 and M 0 


F 0 - F 
M 0 - M + Fd 

where d is the distance between the mirror base and Jhe center of gravity. 
Note that the line of action of force f Q passes through the center of 
gravity of the mirror. Obviously, analyzing the mirror performance with 
respect to M 0 and F 0 will correspond to a more basic case than M and F. 

Figure 8 shows the contour map of the mirror surface when M Q * 1 
in. -lb. Also shown in Fig. 8 are the Zernike coefficients and the RMS 



Figure 7. Resolution of forces /moments . 
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Figure 8. 


Sensitivity factors for cool down (units of inch x 10 8 ) 


A schematic of the forces /moments is shown at the lower 
right of each contour map. The right-har.i rule is used 
to represent moments. 
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(RMS c g) valce. The values given in Fig. 8 can also serve as the sensitivity 
factors for the mirror, i.e., each value has units of (in. x 10"&)/(i n .-lb). 
Therefore, for a given moment of M » M m (M 0 ■ M m and F ■ F 0 ■ 0) the RMS 
as well as the Zernike coefficients, can be calculated by 

RMS - M m x RMS C0 
^n m " x (k n m ) co 

where 

RMS C0 * RMS value when a unit moment is applied. 

(Rn m ) C o is t ^ ie Zernike coefficient of mth angular and nth tangential 
order when a unit moment is applied. For the explicit form of Zernike 
coefficients see Table 3. 

Based on past experience with double arch mirrors, any force that goes 
through the center of gravity of the mirror (i.e., its line of action is on 
the plane parallel to the mirror base and passes through the center of 
gravity) will have a small effect on the overall surface quality. Figures 
9 and 10 can be used to illustrate the above. In both figures, a unit 
radial load is acting on the base. However, Fig. 9 includes the radial 
force through the center of gravity (i.e., F ■ 1, M ■ 0, F Q * 1, M 0 * 1 x d * 
1 x 1.7513 * 1.7513) where as in Fig. 10 only the moment is considered (i.e., 
M 0 * 1.7513, F q ■ 0). As it is shown, the RMS values differ only by a small 
factor (A(RMS)/RMS < 0.01). In all the subsequent analyses the effect of 
any force through the center of gravity has been assumed to be negligible 
(i.e., F 0 - 0). 
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*able 3. Zernike Polynomials Used by Fringe in the Order Stored in 
the Computer 

P olynomial 

Rj * r cos & 

r sind 
R a ° 2r 2 - l 

R2 2 cos2 9 

^2 _2 r 2 stn2 9 

R3 1 (3r 2 - 2)r cos 9 

Rj" 1 <3r 2 - 2)r sin9 

Rit U 6r 4 - 6r 2 + 1 

r 3 cos3 6 
R J " 3 r 3 sin3 9 

R4 2 (4r 2 - 3)r 2 cos2 6 

Ri*" 2 (4r 2 - 3)r 2 sin2 & 

Rj 1 (I0r 4 - 12r 2 +• 3)r cos 3 

Rs“ l (10r 4 - 12r 2 + 3)r sin 9 

R b u 20r 6 - 30r 4 + 12r 2 - l 

R4 14 r 4 cos4 9 

^ 4 -4 r 4 sin4 9 

R ' i (Sr 2 - 4)r 3 cos3 9 

R5" 3 (5r 2 - 4)r 3 sin3 9 

R b 2 (15r 4 - 20r 2 ' + 6)r 2 cos2 9 

Rg" 2 (15r 4 - 20r 2 + 6)r 2 sin2 « 

R-/" 1 (35r 6 - 60r 4 + 30r 2 - 4)r cos 8 

R7" 1 (35r 6 - 60r 4 + 30r 2 - 4)r sin 8 

R b° 70r 3 - 140r 6 + 90r 4 ~ 20r 2 + 1 

a 5 S c 3 cos5 8 

Rs” 5 r 5 sin5 8 

R5 14 (6r 2 - 5)r 4 cos4 9 

R 6~ 4 (6r 2 - 5)r 4 8^4^ 

R 7 j (21r 4 - 30r 2 + iO)r 3 cos38 1 

Q 

R7" 3 (21r 4 - 30r 2 + 10)r 3 sin3 9 

R b 2 (56r 6 - 105r 4 + 60r 2 - 10)r 2 cos2 9 

Rb -2 (56r 6 - 105r 4 + 60r 2 - 10)r 2 sin2 9 

R9 1 (126r a - 280r 6 + 210r 4 - 60r 2 + 5)r cos 0 

R9" 1 (I26r 8 - 230r 6 + 210r 4 - 60 v- 2 + S)r sin 9 

R[0 U 252 r 10 - 630r® + 560r 3 - 210r 4 + 30r 2 - 1 

R l2 u 924 r 12 - 2772r 10 + 3150r 8 - 1680r 6 + h?.Qr U - 42r 2 + 1 
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Figure 9. Application of a unit force at the mirror base (units of 
inch x 10®) . 
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Figure 10. Application of a unit force to the mirror base. The force 
through the center of gravity is ignored (units of inch 
x 10 8 ). 
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2.3.2. Case II 


Application of a radial force/moment at only one radial location. 
This case corresponds to the unpredictable mount error in the radial 
direction. The contour map, Zernike coefficients, and RMS (RMS ro ) value are 
shown in Fig. 11. 

2.3.3. Case III 

Application of a tangential force/moment at only one radial location. 
This case corresponds to the unpredictable mount error in the radial 
direction. The contour map, Zernike coefficients, and the RMS (RMS t0 ) value 
are shown in Fig. 12. 

By using the three loading cases and the equations given in section 
2.3.1, the following equations can be written: 


RMS C - 

(dF)(RMS C0 ) for cool-down effect: 

(31) 

RMS r « 

(M r + dF r )(RMS ro ) 

for radial tilt 

(32) 

RMS t - 

(M t + dF t )(RMS to ) 

for tangential tilt 

(33) 

RMS £ - 

(2dF f )(RMS ro ) for 

flexure error. 

(34) 


Table 4 gives a listing of the RMS sensitivity factors. 


Table 4. RMS Sensitivity Factors 


RMS 
(in.xlO 6 ) 
RMS C0 0.0329 

RMS ro 0.0271 

RMS t0 0.0927 
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Figure 11. Sensitivity factors for radial tilt (units of inch x 10 
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Figure 12. Sensitivity factor for tangential tilt (units of inch x 10 ) . 
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3. FLEXURE DESIGN 


3.1. Design Range 

The flexure design was directly controlled by several factors. 

3.1.1. Manufacturing Requirements 

Based on the dimensional limitations imposed on the design by the 
manufacturing process and also based on past experience with flexures, the 
design parameters were constrained to a feasible region given by 
0.03 in. < t < 0.04 in. 

2.0 in. < J l < 4.0 in. 

0.6 in. < x < 2.0 in. (35) 

0.4 in. < b < 2.0 in. 

3.1.2. Surface Quality Requirements 

Establishing accurate estimates of possible mount error or 
temperature effects, if possible, will require considerable time and effort. 
Therefore, instead of imposing performance requirements on the overall 
surface quality, we will limit the contribution of independent sources of 
figure deterioration. Furthermore, we will quantify the surface quality by 
the root mean square (RMS) value of the differences between the deformed 
mirror surface and the undeformed surface measured at 644 regularly spaced 
grid points. In doing so, it is assumed that tilt and focus terms can be 
corrected by the telescope system. The following requirements were 
imposed on the design: 

RMS C < 1 x 10-6 due t0 c00 i down 
RMS s < 2.5 x 10”6 i n . due to radial tilt 
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( 36 ) 


RMS t < 2.5 x 10” 6 in. due to tangential tilt 

RMSj < 2.5 x 10“6 i n , due to flexure error. 

3.1.3. Stress Requirements 
The maximum stress in the flexutes will be designed not to exceed the 

microyield limit, either in operation or during launch. However, in an 

emergency, landing stresses as high as the yield point will be allowable. 

A safety factor of 2 will be used: 

a c < 57,500 psi during 0-G cool down 
°ct * 57,500 psi during launch 

a ct < 120,000 psi during emergency landing (37) 

t < 42,000 psi during emergency landing. 

It would have been ideal to optimize the design for minimum RMS in 
the mirror and minimum stress in the flexures. However, these two 
objectives are in direct conflict. An unsuccessful attempt was made to 
optimize the design for a minimum RMS in the mirror by using the OPTLIB 
(Ref. 1) optimization package. The failure of this approach might be due to 
the highly nonlinear nature of the problem^ Therefore, in the absence of a 
better approach, a parametric study of the feasible region defined by Eqs. 
(35), (36), and (37) was performed. As a result of this study the following 
design parameters were chosen: 
t * 0.04 in. 

I ■ 3.60 in. 

x » 1.00 in. (38) 

b ■ 0.60 in. 

An inclusive list of the feasible design region is given in Appendix A. 


3.2 Design Calculations 


In this section we illustrate the application of the analytical 
approach, as outlined in section 2, by applying it to the proposed design as 


given by Eq. (38). Numbers on the right-hand side denote the equation used. 

3.2.1. O^G 

Cool Down 


A - 

0.0286 in. 


F c " 

18 x 10 6 x ,( ? 4) 3 x 0.0286 

(3.6)3 


m 

0.424 lb 

(1) 

°c - 

3 x 18 x 10 6 x x 0.0286 - 4766.7 psi 

(3.6)2 

(18) 

T c - 

1,5 * (0.6X0.04) * 26 - 5 psi 

(19) 

RKS C 

- (1.7513 x 2 x 0.424X0.0329 x 10" 6 ) 

* 0.049 x 10“ 8 in. 

(31) 

For a contour map see Fig. 13. 


3.2.2. 1_^G 

Cool Down. Face Down Testing 


F A " 

1 x 40 , ,, 

g * 6.667 lb 

(2) 

n * 

r ti/z 

12 x 6.667 | . 0J40 

L18xl0°x0.6x(0.04) 3 J 

(2) 

X « 

0.340^x 3.6 . 0>fil2 

(2) 

F ct 

3.6(1 - 1/0.612 tanh 0.612) x 0,0286 * 0,487 lb 

(3) 

M ct 

- (0.487 x 3.6 + 6.667 x 0.0286) - 0,972 ir^-lb 

(15) 

a ct 

6 x 0.972 . 6.667 _ / . oc/ n 

0.6 x (0.04)2 0.6 x 0.04 * ps 

(16) 
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Figure 13. Contour map of double arch mirror surface at cool down with 
0-G loading (units of inch x 10^) . 
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f A 


T C t 

RMS 


1.5 x 


0.487 


30.4 psi 


ct 


0.6 x 0.04 

(1.7513 x 2 x 0.487X0.0329 x 10 -6 ) 
- 0.056 x 10“ 6 

For a contour map see Fig. 14. 

3.2.3. Launch. Flexures in Tension 
3.2 x 40 


A 

°ct 

T ct 


21.333 lb 


9837.8 psi 

39.1 psi 

0.8 x 40 
2/3 

3 x 9.238 x 3.6 
(0.04X0.6) 2 

9.238 


9.238 lb 

■ 6928.2 psi 


- 1.5 x 


577.3 psi 


l s ~ 0.6 x 0.04 

3.2.4. Emergency Landing. Flexures In Tension 


Fa 

°ct 

T ct 

F s 

°s 


4.5 x 40 

a 

6 

11891.3 psi 

44.2 psi 

4.5 x 40 

273 

38971.1 psi 
3247.6 psi 


30.0 lb 


51.962 lb 


3.2.5. Radial Tilt 


Assume 6, 


0.001 rad 


3.6 


(17) 


(31) 


( 2 ) 

(16) 

(17) 

( 20 ) 

21 ) 

( 22 ) 

( 2 ) 

(16) 

(17) 

( 20 ) 

( 21 ) 

( 22 ) 


fr 2xl8xl0 6 x0.6x0.04x(l) 2 


4.167 x 10" 6 in.‘" 1 lb""l 


( 8 ) 
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Figure 14. Axisyiranetric finite element model of double arch mirror. 
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0.095 


(7) 


r . 4.167 x 10~ 6 

r 4.167xl0” 6 +0.3947xl0" 4 

M r - 18 x 10 6 x — P : 04 x(D 2 x Q>095 x Q>001 . u#458 ln .„ 1W) 


F r “ 

~r x 11.458 - 9.549 lb 

J«0 


(9) 

o r » 

18 X 10^ x rr X 0.095 X 0.001 - 

477.7 psi 

(23) 

T r - 

298.4 psi 


(25) 

RMS r 

- (11.458 + 1.7513 x 9.549X0.0271 

x 10~ 6 ) 



- 0.763 x 10~ 6 m. 


(32) 

3.2.6. Tangential Tilt 

* 


Assume 9 t 

■ 0.001 rad 



f ft - 

2xl8xl0*x0.04x(0.6) 3 

10“ 5 in.” 1 lb -1 

(12) 

*t ■ 

3.472 x 10-5 

0.628 

(ID 

3.472 x 10”5 + 0.2058 x 10“ 4 

M t - 

18 x 10 6 x 0.04 x(0.6)3 x 0>628 x 

0.001 - 9.041 

in.-lb (10) 

F t * 

3 ~ x 9.041 - 7.534 lb 


(13) 

c t * 

18 x 10 6 x x 0.628 x 0.001 - 

1883.6 psi 

(24) 

*t “ 

°- 75 * 0.6x0.04 > * 235 ‘ 5 » Sl 


(26) 

RMS t 

- (9.041 + 1.7513 x 7.534X0.09275 

x 10’ 6 ) 



* 2.062 x 10“ 6 in. 


(33) 


3.2.7. Flexure Error 
Assume e * 0.001 in. 
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% * 


14 


F e - 3 x 18 x 10* x Q ~ X 3 0 ; 6 6Ax1 

/ _ (O.Q286) 2 \ 1/Z |, /, 2x0.0286x0.001 \ | 

X \ (3.6) 2 / [ \ <3.6)2-(0.0286) 2 / J 


0.794 lb 


_ _ „ 0.794x3.6 

o F ■ 3 x * 

e 0.6x(0.04) 2 

0.794 

tp ■ 1.5 x s' 

e . 0.6x(0.04)2 


8938.1 pal 
1241.4 psi 


RMS f - (1.7513 x 2 x 0,794X0.0271 x 10" 6 ) 

- 0.075 x 10” 6 in. 


(14) 

(27) 

(28) 


(34) 


3.2.8. Presence of Mount Error 

By including the stress concentration factor and the above 
calculation, the critical stresses can be obtained. 

(a) 0-G cool down in the presence of mount error: 

o max - 1.5(4766.7 f 0 + 477.4 + 1883.6 + 8938.1) 

- 24097 psi (29) 

t* - 235.5 + 0 « 235.5 psi (30) 

T 2 * 26.5 + 298.4 + 1241.4 - 1566.3 psi 

T max “ (235.5 2 + 1655.3 2 ) 1/2 - 1583.9' psi 


(b) Launch in the presence of mount error: 

Omax " 1*5(9837.8 + 6928.2 + 477.4 + 1883.6 + 8938.1) 

- 42098.1 psi 

X! - 235.5 + 577.3 - 812.8 psi 

x 2 ■ 39.1 + 298.4 + 1241.4 - 1578.9 psi 


37 



* 


IT 


T max " < 812 * 82 + 1578.9 2 ) 1 '' 2 - 1775.8 psi 

(c) Emergency landing In the presence of mount error; 

o m ax “ 1*5(11891*3 + 38971.3 + 477.4 + 1883.6 + 8938.1) 

- 93242.5 psi 

t x - 235.5 + 3247.6 ■ 3483.1 psi 

t 2 - 44.2 + 298.4 + 1241.4 - 1584.0 psi 

Tmax " (3483.1 2 + 1584.0 2 ) i/2 - 3826.4 psi. 

Note that the RMS values are not directly additive. Appendix B gives 
examples of various cases where one or more mount errors are present. 
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4. STRESS IN THE MIRROR 


To estimate the stress distribution inside the mirror due to the 
clamping force, a study was performed using the finite element method. The 
finite element model consisted of 136 triangular and quadrilateral 
axisymmetric elements (Fig. 14). It was assumed that the friction between 
the mirror base and the flexure top prevents any motion of the two with 
respect to each other. The stress profiles are shown in Figs. 15 through 
20. The stress components ure defined in Fig. 21. 

For a clamping force of 40 lb, the maximum compressive stess is 501 
psi and the maximum tensile stress is 235 psi, both of which are within the 
acceptable range. Note that these results can be scaled linearly for 
various clamping forces within the elastic range of the material. 
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Stress profile of the normal stress, S 

Contour interval: 30 psi 

Maximum normal stress: 129 

Minimum normal stress: -81 
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Figure 17. Stress profile of the normal stress, S 

Contour interval: 30 psi 

Maximum compressive stress: -88 psi 

Maximum tensile stress: +50 psi 
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Figure 18. Stress profile for the shearing stress, S12. 

Contour intervals : 30 psi 

Maximum shearing stress: 210 psi 
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Contour interval: 30 psi 

Maximum major principal stress: 236 

Minimum major principal stress: -63 



1 










5. GONCLDSION 


Figure 22 is a schematic of the proposed flexure design. The maximum 
normal and shear stress for this design is within the acceptable range. 
The effect of cool down as well as any mount-induced forces/moment are 
examined, and the contribution of any single error is limited to 2.5 x 10”^ 
in. RMS. The maximum compression and tensile stress inside the mirror due 
to a 40-lb clamping force are 501 psi and 235 psi, respectively. 
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APPENDIX A 


In this appendix an inclusive list of feasible design parameters 
with the calculated stress and RMS values is provided. 
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APPENDIX B 


In this appendix the effect of various combinations of mount error 
on the double arch mirror surface mounted on the proposed flexures is 


studied. 
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Figure Al. Cool down and radial tilt in one flexure location. 
Units = 10 6 in. 
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Figure A2. Cool down and tangential tilt in one flexure location 
Units = lO^ in. 
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Figure A3. Cool down and flexure error in one flexure location. 
Units = lO^ in. 
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Figure A4. Cool down and radial tilt in two flexure locations. 
Units = 10^ in. 
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Figure A5. Cool down and tangential tilt in two flexure locations 
Units = 10^ in. 
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Figure A6. Cool down and radial and tangential tilt in two flexure 
locations. Units ■ 10^ in. 
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Figure A7. 


Cool down and radial and tangential tilt in two flexure 
locations. Units = 10^ in. 
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Figure A8. Cool down and tangential tilt in all three flexure locations. 
Units =* 1C)6 in. 


61 


m * 


ORIGINAL PAGE S3 
OF POOR QUALITY 


CONTOUH 


stbp 
’.3 0fl 
♦ 


0N 

000 


p*r,c size -m. 

2,00! I • ,458 

♦ N 

J 

SS r,cr. H I J K 
H IS cs GOO HM T J N L 
N HH r J K L 

J T HHMMHH , XT J K N N 

l j iiiihiiiit jj k l h n 

L K JJJJ JJJJ KK LL M 

M L UK* NNK L mm 

N M UL LLL MM NM 


WjOTM 
♦ ♦ 


-N- 

•’,130 


. 13 * 
♦ ♦ 


- 0 - 

’.43* 


UTS 

UT 

HI 

T 

T 

VtJ TS 
UT S 
▼1 

UT 4 
SS 

TS 0 

SO 

5P P 

n* 

015 M 

p 

fi M 

0 MM 
MM 
M 
M 


SOS M mm LLLL 
• 15 M MN mmpmMMMH 

sop* nmnnnnnnnnnn 

S 00 »P0 0S0PP 


3 0 0 
3 0 00 
S * 00 
B 0 

B 0 SB' 

W 0 0000 

0 0* MMNlIN 
0 0 MM 


MNP 
NMNM 
000 

ooo 

(501) 000 

000 00 SS 

000 #0 SS TTT 

0(50 SB 
** 00 0 
0000 00 
00 0 
MM 0 


MM 000 
MM 00 0$ 

N 00 S 
00 *S 
00 * 

0 0 
00 • 

0 * 

NN 00 00 0 
000 00 00 
000 000 
00000 SSS 

SS3S3SSSS 
TTTTTTTT 
UUU TTTT 

Ull TT 
U TT 
U T 
T* 


IJ 

TU V XTt 
T UV H * TI 
ST U V U If r 
S T IJ V H X 
S T U V HH 
SS T U V 
SS TT UU 


V 

»»Tt 
HUH X 
VVVY 


S3 


TT UUU 
TTT 

TTT 
ssssss 
SSS 000 
SS 000 00 

S3 0 00 00 

S 00 0 0 NN 

S 0 00 0 M M 


M N MMMNMMMMM N 
P M mm ULlLL mm m 
mm LI LL M 

MM L KKNNN NN K N L 
LL MM JJJ MM 

“ i m jjjjjjjjjjj m 

ML K JJJ JJJ MN L 1 

L K IJ JJJ MM L 

L M J JJJJ MM LL 

L * JJ JJJJ MN I.LL 

M L M IJJJJJJJ KPN LLL MNMMM 
M L KK MNM I.LI, MMM M 


tt s 0 o 0 m mm 

SS 0 0 0 M M L 
S0O0NMLX 
0 0 00 .u ML M J 


SSS 
000 0 

00 

00 nnm 

M MM 

MM LL 
LL N 
J 
T 

MM 

G 


L NN 
M JJ 
J u 
r m 


j 

T 

MM 

G 


0 0NMLNJIM 0 00 

0 MM L *J TI M SG 00 
MM H L M J I MM |J 00 € 

nnmmmn mm l n j t mg 00 see 

NNM MMM LL N JJ T M G 00 0f 

PMmmmmmm l M J IT M go 00 

NMMMMMMm LL NN j T MM GG 00 
mhmm L K J TI MH OGG 
MM LL 00 JJ II HM 


MM |.L MK0000N 

LLL 

MM 

NNMM MNMM 

MM 

L NN 

JJJ 

It 

N MM l.LL 

LLLL 

M*M 

NM 

********* 

NM 

MM LL 

NN 

JJ 

M MMM 

SfMHH 

NN 

PPP 

0000000 

PPM 

NNM MMM LI 


mnnim 

NMNM 

PM 

00 

B000 

000 

000 

MM 


pspp 

P0P** 

00 

00 

9S0SS3S 

0000 00 

0 


B 


B0B 

?38 

ttttttttttttt 

393 

0 



SSSSSS TT UUUU IJUUU 

IJI I LI *J VVV WWWMWWWWUUWWW 


W W WWW 


ZE B M T ME POLYNOMIAL COE00TCTENTS 


XXXV 


vrv Yvrr 


1,0000 
• 1 ,M TP 
.. las* 

-,i«3f 


0,0000 

2,2478 

.0333 

.0784 


0.0000 

•,1014 

-.3800 

-.0013 


..SMS 

.1738 

.1041 

..0023 


.0730 
.2034 
- . 1S*3 
.1304 


-.8274 

.4043 

-.1403 

.2180 


-t , 0847 
-.3012 
-.2334 
>.0382 


.0743 

-.0843 

.1037 

.0073 



I 


62 


